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(54) Vehicle electric power assist steering system and method using velocity based torque 
estimation 



(57) A steering system (1 0) and method (70) for con- 
trolling the steering of a vehicle having a steering wheel 
(12), a steering column (14)connected to the steering 
wheel (12), and an electric motor (20) operatively en- 
gaged with the steering column (1 4)forsupplying torque 
assist. A velocity detector is employed (or detecting an 
angular velocity G m of the electric motor (20). The sys- 
tem has a torque estimator (40) for determining an es- 



timated torque signal T^esf as a function of the detected 
motor velocity 9 ms and a motor controller (30) for gener- 
ating a motor control signal (U) as a function of said es- 
timated torque. Accordingly, the present invention re- 
duces the complexity and cost of the electric power as- 
sist steering system by eliminating the need for a con- 
ventional pinion torque sensor, without sacrificing vehi- 
cle steering performance. 




Printed by Jouve, 75001 PARIS (FR) 



1 



EP 1 125 823 A1 



2 



Description 

[0001] The present invention generally relates to ve- 
hicle steering systems, and more particularly relates to 
an electric power assist steering system and method of 
controlling electric power steering assist for a steered 
vehicle. 

[0002] Reference is made to US Patent application 
nos. 09/504743 and 09/505641 . 
[0003] Conventional steering of a wheeled motor ve- 
hicle is typically achieved by the vehicle operator (driver) 
rotating a steering wheel that is arranged in the passen- 
ger compartment of the vehicle to turn the steerable 
road wheels. Conventional steering systems generally 
include a rack and pinion type steering assembly oper- 
atively coupled to the road wheels and a steering col- 
umn coupled between the steering wheel and the rack 
and pinion assembly for converting angular rotation of 
the steering wheel into a sliding motion on the rack to 
effect steering operation of the road wheels. In order to 
reduce the amount of driver effort (i.e., torque) that is 
required to rotate the steering wheel, conventional 
steering systems typically include a power assisted ac- 
tuator that assists the operator with rotation of the steer- 
ing wheel to overcome opposing forces such as road 
load forces on the road wheels and friction forces in the 
steering assembly. The amount of power assistance 
generally varies depending on the speed of the vehicle 
and the amount of effort applied by the vehicle operator 
to the steering wheel. Conventional power assist steer- 
ing systems typically employ either hydraulic power as- 
sist or electric power assist. In contrast to hydraulic pow- 
er assist systems, the electric power assist steering sys- 
tem offers variable assist capabilities, more efficient en- 
ergy consumption, reduced mechanism complexity, in- 
creased reliability, and responsive on-demand steering 
assist, as well as other advantages. 
[0004] The electric power assist steering (EPAS) sys- 
tem employs an electric motor for applying a controlled 
amount of torque to the steering assembly to assist the 
operator with angular rotation of the steering wheel. The 
conventional electric power assist steering system is 
generally configured with a feedback control system that 
electrically amplifies the driver steering torque input to 
the steering system to realise improved steering comfort 
and performance. The electric power assist steering 
system typically includes a rotatable steering wheel, a 
steering column, a rack and pinion assembly, a gear box 
assembly, and an electric motor. The conventional elec- 
tric power assist steering system also employs a pinion 
torque sensor, as well as various other sensors. The pin- 
ion torque sensor is generally located between the 
steering column and the rack and pinion assembly and 
senses the amount of torque applied at the pinion. The 
measured pinion torque serves as an approximation of 
the input torque applied to the steering wheel by the ve- 
hicle operator and is commonly used to determine the 
amount of torque assist to be provided by the electric 



motor. The amount of torque assist is typically calculat- 
ed from a tunable non-linear boost curve which gener- 
ates a control command signal to control the electric mo- 
tor to achieve the desired level of power steering assist. 

5 [0005] While the employment of a pinion torque sen- 
sor for measuring pinion torque is typically acceptable 
for controlling the amount of power steering assist pro- 
vided by the electric motor during steady state opera- 
tion, the conventional torque sensor is relatively expen- 

10 sive and therefore adds to the overall cost and complex- 
ity of the steering system. Additionally, the pinion torque 
measurement typically deviates dramatically from the 
actual driver applied torque during dynamic transients, 
particularly when the amount of motor generated assist 

15 torque is significant, thereby not permitting optimal 
steering assist. 

[0006] Accordingly it is desired to provide for an elec- 
tric power assist steering system for a vehicle that pro- 
vides torque assist to the vehicle operator at a reduced 

20 cost. In particular, it is desired to provide for an electric 
power assist steering system for controlling the amount 
of electric power assist without requiring the use of a 
torque sensor. It is further desirable to achieve optimal 
steering assist performance with an electric power as- 

25 sist steering system. 

[0007] In accordance with the teachings of the 
present invention, a steering system and method of con- 
trolling the steering of a vehicle are provided. According 
to one aspect of the present invention, an electric power 

30 assist steering system is provided having a steering as- 
sembly including a steering wheel connected to a steer- 
ing column, and an electric motor operatively engaged 
with the steering assembly for supplying torque assist. 
A velocity detector is employed for detecting an angular 

35 velocity of the electric motor. The steering system has 
a torque estimator for determining an estimated torque 
signal as a function of the detected angular velocity of 
the electric motor, and a motor controller for generating 
a motor control signal as a function of the estimated 

40 torque. 

[0008] According to another aspect of the present in- 
vention, a method is provided which includes the steps 
of detecting angular velocity of an electric motor, esti- 
mating a torque signal as a function of the detected an- 

45 gular velocity, generating a motor control signal as a 
function of the estimated torque, and applying the motor 
control signal to the electric motor to generate steering 
torque assist. Accordingly, the system and method of 
the present invention reduces the complexity and cost 

50 of the electric power assist steering system by eliminat- 
ing the need for a pinion torque sensor, without sacrific- 
ing vehicle steering performance. 
[0009] TTie present invention will now be described 
further, by way of example, with reference to the accom- 

55 panying drawings, in which: 

FIG. 1 is a diagrammatic view of an electric power 
assist steering system for a wheeled vehicle ac- 
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cording to the present invention; 
FIG. 2 Is a block diagram of the control system for 
controlling the electric power assist steering sys- 
tem; 

FIG. 3 is a block diagram illustrating functions of the 
torque estimator for estimating driver torque and 
pinion torque according to the present invention; 
and 

FIG. 4 is a flow diagram illustrating a methodology 
for controlling the electric power assist steering sys- 
tem according to the present invention. 

[0010] Referring to FIG. 1, an electric power assist 
steering (EPAS) system 1 0 equipped with a control sys- 
tem 30 according to the present invention is illustrated 
for use in steering a wheeled vehicle, such as a motor 
vehicle. The steering system 1 0 is described herein in 
connection with the power assisted steering of a pair of 
road wheels 26, such as the front wheels of the motor 
vehicle, adapted to be engaged in friction contact with 
the ground, such as a roadway. However, it should be 
appreciated that the steering system 10 of the present 
invention may be employed to steer any number of front 
and/or rear wheels of a steered vehicle. 
[0011] The electric power assist steering system 10 
has a steering assembly which includes a rotatable 
steering wheel 1 2 that is generally disposed in the pas- 
senger compartment of the vehicle and is manually ro- 
tatable by the driver of the vehicle to steer the road 
wheels 28. The steering assembly also includes a steer- 
ing column 14 operatively coupled to steering wheel 12. 
The steering column 14 has a rotary shaft 1 5 that rotates 
in synchronisation with the steering wheel 12. Shaft 15 
is preferably directly connected to steering wheel 12. 
The steering assembly as shown employs an interme- 
diate shaft 16 and a pinion shaft 18, both operatively 
engaged with steering column 14. Steering column 14, 
intermediate shaft 1 6, and pinion shaft 1 8 are preferably 
interconnected via universal joints as is well-known in 
the vehicle steering art. While steering column 14, inter- 
mediate shaft 1 6, and pinion shaft 1 8 are shown in this 
example, it should be appreciated that any number of 
rotating shafts and various mechanical assemblies may 
be coupled to steering wheel 1 2 to actuate the steerable 
road wheels 28 in response to actuation of steering 
wheel 12. 

[0012] An electric motor 20 is coupled to the pinion 
shaft 18 to provide torque assist to shaft 18 such as to 
assist the driver of the vehicle in rotating the steering 
wheel 1 2. The electric motor 20 provides power (torque) 
assist to aid in the steering of the road wheels 28 so as 
to reduce the amount of effort required by the driver. 
Power steering assist reduces the effects of steering as- 
sembly friction and road load. The pinion shaft 1 8 is cou- 
pled at one end to a pinion gear assembly 28 for con- 
verting angular rotation of the pinion shaft 18 to linear 
movement on a rack 24. The rack 24 is coupled on op- 
posite ends to tie rods 26 and connector rods 27 which 



are movable to control left and right rotation of road 
wheels 28. It should be appreciated that the steering 
wheel 12 : steering column 14 : shafts 16 and 18. pinion 
gear assembly 22, rack 24. tie rods 26, connector shafts 
5 27, and road wheels 28 may include a conventional ve- 
hicle steering assembly. 

[0013] The electric power assist steering system 10 
has a control system 30 that controls the amount of 
torque generated by the electric motor 20. Control sys- 

10 tern 30 preferably includes one or more microprocessor 
based controllers having memory programmed to oper- 
ate control routines, process input signals, estimate 
torque signals, and generate control signals for control- 
ling the electric motor input command signal U to 

15 achieve the desired torque assist T a . The control system 
30 is preferably configured with feedback control and 
feedforward control as described herein. While control 
system 30 employs one or more programmed^ control- 
lers, it should be appreciated that various analogue and 

20 digital circuits could be employed to estimate torque and 
control the electric motor power assist without departing 
from the teachings of the present invention. 
[0014] The control system 30 detects the angular ve- 
locity 6 m of electric motor 20. The electric motor angular 

25 velocity 6 m is measured directly from the electric motor 
with an angular velocity sensor or by differentiating the 
output of an angular position sensor. The detected mo- 
tor angular velocity G m is input to the control system 30 
and is used to estimate torque signals according to the 

30 present invention. In addition, steering system 10 may 
further include a steering angle sensor 32 for predicting 
the steering column position angle G c . The steering an- 
gle sensor 32 predicts angular position of the rotatable 
shaft 15 of the steering column 14. The predicted steer- 

35 ing column position angle Q c provides an indication of 
the angular position of the steering wheel 12. 
[0015] Referring to FIG. 2, the control system 30 is 
illustrated therein for controlling the electric power assist 
steering system 10 according to the present invention. 
The control system 30 is shown made up of various con- 
trol devices, each programmed with control routines for 
performing one or more designated control functions to 
generate a desired electric motor torque assist to 
achieve enhanced vehicle steering performance. As 

45 shown, the control system 30 incorporates a function 
block 10 representative of the electric power steering 
assist system shown having a driver input 32 which is 
the driver applied torque. The electric power assist 
steering system 10 receives the driver input 32 in the 

50 form of a torque applied to the steering wheel 12. In ad- 
dition, steering system 10 receives a motor input com- 
mand signal U. Electric power assist steering system 10 
further produces the sensed steering wheel position an- 
gle 6 C and electric motor angular velocity 6^ 

55 [0016] The control system 30 includes a non-linear 
boost curve look-up table 34 which receives an estimat- 
ed driver torque signal and generates a feedforward sig- 
nal that is added to a feedback signal to produce the 
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motor input command signal U. Boost curve look-up ta- 
ble 34 preferably includes a non-linear boost curve 
which maps the amount of motor input command signal 
U versus estimated driver torque T^st at various vehi- 
cle speeds. Accordingly, the boost curve is responsive 
to a sensed vehicle speed (not shown). The boost curve 
preferably is programmable in order to achieve the de- 
sired steering feel. 

[0017] The control system 30 further includes atorque 
estimator 40 for estimating the driver torque T^esf ap- 
plied to the steering wheel 1 2, and for further estimating 
the pinion torque T^st applied to the pinion shaft 18. 
The torque estimator 40 receives, as inputs, the detect- 
ed angular velocity G m of the electric motor and the elec- 
tric motor input command signal U It should be appre- 
ciated that, by estimating the driver torque T^sr and 
pinion torque T c est, the torque estimator 40 provides 
torque estimations which allow for elimination of a con- 
ventional pinion torque sensor, thereby reducing the 
overall cost and complexity of the steering system 10. 
Also, by using the drivertorque, the system stability and 
behaviour are enhanced. 

[001 8] The control system 30 further includes a feed- 
back controller 38 coupled in a feedback loop 44. Feed- 
back controller 38 receives, as inputs, the estimated 
drivertorque T^est and estimated pinion torque T^st, 
as well as the predicted angular position e c , the motor 
angular velocity 9 m , and the desired torque T a est. In re- 
sponse to the inputs, feedback controller 38 produces 
a feedback signal in feedback loop 44 that is summed 
with the feedforward signal T a des at summer 42. Sum- 
mer 42 sums the feedback signal on feedback loop 44 
with the feedforward signal on feedforward loop 46 to 
produce the motor input command signal U that drives 
the electric motor 20. 

[0019] The feedforward loop 46 includes a friction 
compensation filter 36 which receives the estimated 
drivertorque T^est and filters out the un desired high fre- 
quency signals to compensate for friction forces, such 
as road load friction and steering column friction. The 
friction compensation filtered output is supplied as an 
input to the boost curve look-up table 34 which in turn 
produces the desired torque signal T a des. Accordingly, 
the control system 30 includes both a feedback loop 44 
and feedforward loop 46. It should be appreciated that 
the feedback loop 44 advantageously provides robust 
stability of the closed-loop system and allows for com- 
pensation for component changes, while the feedfor- 
ward loop 46 provides fast steady state response and 
attenuation of friction. Accordingly, if the torque estima- 
tor 40 fails to perform the intended operation , the control 
system 30 will remain stable. Similarly, if the feedback 
loop 44 fails to perform the closed-loop system will like- 
wise remain stable. 

[0020] With particular reference to FIG. 3, the torque 
estimation functions performed by the torque estimator 
40 are shown in detail for determining the estimated 
driver torque T^st and estimated pinion torque T^st 



The torque estimator 40 includes a number of function 
blocks containing measured transfer functions including 
G^.G^ , 622, G£ , and G 42 . The transfer functions 62^ 
G£ , G' 4 \ , and G^ are measured based on the dy- 

5 namic relationship of selected steering system outputs 
divided by selected inputs, and are defined as follows. 
Transfer function G 41 is the relationship of the motor an- 
gular velocity output 6 m divided by the driver torque input 
T d Transfer function G& is the relationship of the motor 

10 angular velocity output 9^ divided by the motor input 
control command signal U. Transfer function Gg., is the 
relationship of the pinion torque output T c divided by the 
drivertorque input T d . Transfer function G^ is the rela- 
tionship of the pinion torque output T c divided by the mo- 

15 tor input control command U. 

[0021] The torque estimator 40 receives as inputs the 
motor command input signal L/and the detected motor 
angular velocity 8 m . The motor input command signal U 
is input to transfer function G22 in function block 50 and 

20 is also input to transfer function G^ in function block 52. 
The output of function block 50 is input to a negative 
input of summer 54 and to a positive input of summer 
60, while the output of function block 52 is input to a 
negative input of summer 56. Summer 56 subtracts the 

25 outp ut of function b lock 52 from the detected motor an- 
gular velocity 6 m and provides the resultant subtraction 
as an input to function block 58. Function block 58 in- 
cludes the product of transfer function G 21 and G^ . G"^ 
is the inverse of transfer function G 41 . The output of 

30 function block 58 is input to a positive input of summer 
60, while the other positive input of summer 60 receives 
the output of function block 50. Summer 60 sums the 
two inputs to produce the estimated pinion torque T c est, 
which is one output of torque estimator 40. 

35 [0022] The estimated pinion torque Testis further in- 
put to a positive terminal of summer 54. Accordingly, 
summer 54 subtracts the output of function block 50 
from the estimated pinion torque T^st and provides the 
subtraction as an input to function block 62. Function 

40 block 62 includes a transfer function G^ , which is the 
inverse of transfer function G^,, and produces the esti- 
mated driver torque T^BSt, as a second output of torque 
estimator 40. Accordingly, the torque estimator 40 esti- 
mates both a drivertorque estimate Tjest, as well as a 

45 pinion torque estimate T^st, which are then used to 
generate the motor control command signal U to control 
the electric power assist steering system 10 according 
to the present invention. 

[0023] The torque estimator 40 is designed to perform 
50 torque estimations based on the torque estimation func- 
tions which can also be represented as follows: 

r d esr = [T c -G 22 ][G 21 r 1 (1) 

55 

T c est= G 21 [[G 4i r 1 (e m -G 4 2L0]+G22U (2) 
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[0024] The resultant torque estimation equations (1) 
and (2) are derived from modelling dynamic relation- 
ships of the steering system which are established 
based on Newton's laws of motion. The dynamic model 
of the steering system is defined by the measured trans- 
fer functions as described above. By measuring the mo- 
tor input control command signal U and motor angular 
velocity 8 m: the estimated driver torque T^est and esti- 
mated pinion torque 7,-esfare computed, without requir- 
ing a direct measurement of torque with a costly torque 
sensor. 

[0025] Referring to FIG. 4, a control methodology 70 
for controlling the electric power assist steering system 
10 with the control system 30 of the present invention is 
illustrated therein. The control methodology 70 includes 
step 72 of determining each of transfer functions C^-h 

G 2i » G 22' G 4i ' and G & Tne trans ^ er functions can be 
determining with the steering system off line by applying 
a known driver torque input to the steering wheel and 
measuring selected inputs and outputs, and then com- 
puting the transfer functions by dividing the selected out- 
put over the selected input for the corresponding defined 
functions. Once the transfer functions are determined, 
methodology 70 proceeds to step 74 to measure the an- 
gular velocity Q m of the electric motor. In step 76, the 
estimated driver torque T^esf and estimated pinion 
torque T^est are determined by the torque estimator 40. 
In step 78. the estimated driver torque T^est is compen- 
sated for friction forces in the feedforward loop 46 by 
passing the estimated torque T^esl through the friction 
compensation filter. In step 80, the desired assist torque 
T a des is generated based on estimated driver torque 
Tjest and vehicle speed according tD the mapped data 
provided in the boost curve. An optional step 82 is pro- 
vided for calculating the equilibrium point based on the 
estimated driver torque T^esf, estimated pinion torque 
T c est steering angle 6 C . motor angular velocity 8 m , and 
desired assist torque T a des. It should be appreciated 
that by providing for an equilibrium point, the present 
feedback signal more accurately determines the driver 
torque by providing an average signal to allow for the 
realisation of smooth transitions during dynamic transi- 
tions of the vehicle operation. Finally, control methodol- 
ogy 70 proceeds to step 84 to calculate the motor com- 
mand signal (J to control the electric motor to achieve a 
controlled amount of power steering assist. It should be 
appreciated that the motor command signal (J is applied 
to motor in step 86. 

[0026] Accordingly, the electric power assist steering 
system 10 of the present invention advantageously pro- 
vides for electric power steering assist to a steering sys- 
tem of a vehicle by estimating the torque applied to the 
steering system by the driver, without requiring a con- 
ventional pinion torque sensor. By eliminating the need 
for a conventional pinion torque sensor, the present in- 
vention advantageously reduces the cost and complex- 
ity of the steering system. At the same time, the torque 
estimation provides for fast and stable control without 



sacrif icing steering performance. While one example of 
a steering assembly is shown herein, it should be ap- 
preciated that other steering assemblies may be em- 
ployed in connection with the control system described 
5 herein without departing from the spirit of the present 
invention. 



Claims 

10 

1 . An electric power assisted steering system for a ve- 
hicle, comprising: 

a steering assembly including a steering wheel 
*5 (12) connected to steering column; 

an electric motor (20) operatively engaged with 
said steering assembly for supplying steering 
torque assist; 

a velocity detector for detecting an angular ve- 

20 locity of said electric motor, 

a torque estimator (40) for calculating an esti- 
mated torque signal as a function of said de- 
tected angular velocity; and 
a controller (30) for generating a motor control 

25 signal as a function of said estimated torque for 

controlling the electric motor. 

2. A system as claimed in claim 1 . wherein said torque 
estimator determines said estimated torque signal 

30 further as a function of the motor control signal input 
to the electric motor. 

3. A system as claimed in claim 2. wherein said torque 
estimator determines the estimated torque signal 

35 further as a function of one or more steering system 
transfer functions. 

4. A system as claimed in claim 1 . wherein said torque 
estimator estimates a driver torque signal and a pin- 

M ion torque signal. 

5. A system as claimed in claim 1 , wherein said con- 
troller includes a feedback controller and a feedfor- 
ward controller. 

45 

6. A system as claimed in claim 5 further comprising 
a friction compensation filter coupled to said feed- 
forward controller. 

so 7. A system as claimed in claim 1 , wherein said veloc- 
ity detector senses the motor current control input 
and determines the motor angular velocity as a 
function of the motor current control input. 

55 8. A system as claimed in claim 1 , wherein said steer- 
ing assembly further includes a shaft operatively 
coupled to the steering column and further connect- 
ed to a rack and pinion assembly, wherein said elec- 
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trie motor is coupled to said shaft. 

9. A control system for controlling electric motor 
torque assist to an electric power assisted steering 
system for a vehicle having a steering assembly in- 5 
eluding a steering wheel connected to a steering 
column and an electric motor operatively engaged 
with the steering assembly for supplying steering 
torque assist, wherein said control system compris- 
es: io 

a velocity detector for detecting an angular ve- 
locity of the electric motor; 
a torque estimator for estimating a torque signal 
as a function of said sensed angular velocity of '5 
the electric motor; and 

a controller for generating a motor control sig- 
nal as a function of said estimated torque for 
controlling the electric motor. 

20 

10. A method of controlling an electric power assisted 
steering system having a steering assembly includ- 
ing a steering wheel connected to a steering column 
for a vehicle and an electric motor operatively cou- 
pled to the steering assembly, said method compris- 25 
ing the steps of: 

sensing an angular velocity of the electric mo- 
tor; 

estimating a torque signal as a function of said 30 
sensed angular velocity of the electric motor; 
generating a motor controlsignal as a function 
of said estimated torque for controlling an elec- 
tric motor; and 

applying said motor control signal to an electric 35 
motor to generate a controlled amount of steer- 
ing torque assist. 
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